Bovine hypothalamus-derived growth factors (HDGF), pituitary fibroblast growth factor (FGF), and brain FGF were analyzed by chromatography on immobilized heparin and tested for the ability to stimulate the proliferation of capillary endothelial (CE) cells. Two distinct CE cell growth factors were found in hypothalamus, one anionic (aHDGF; pI of about 5) and one cationic (cHDGF; pI of about 8). Both aHDGF and cHDGF adhered tightly to immobilized heparin. They were eluted with 0.9-1.1 M NaCl and 1.3-1.5 M NaCl, respectively. Pituitary and brain FGF were also found to bind to immobilized heparin and to stimulate CE cell proliferation.
respectively. Pituitary and brain FGF were also found to bind to immobilized heparin and to stimulate CE cell proliferation.
Pituitary FGF was eluted at 1.4-1.6 M NaCI. The elution profile of brain FGF showed that two peaks of CE cell growth factor activity were eluted from the heparin column, one at 1.0 M NaCl and a second at 1.4-1.6 M NaCI. The tight binding of all of these growth factors to heparin (particularly aHDGF, whose binding is unexpected because of its negative charge) is presented as evidence that CE cell growth factors all share an affinity for heparin.
Affinity chromatography on immobilized heparin made it possible for our laboratory to purify a tumor-derived capillary endothelial cell (CE cell) growth factor in two steps (1) . The growth factor was a cationic polypeptide, had a molecular weight of approximately 18 ,000, and stimulated the proliferation of CE cells at concentrations of approximately 1 ng/ml. The tumor-derived growth factor, which was eluted at 1.5 M NaCl, adhered much more tightly to heparin than did the equally cationic platelet-derived growth factor (PDGF), which was eluted at about 0.5 M NaCl. In addition, although it bound tightly to heparin, the tumor-derived growth factor did not bind to another highly anionic glycosaminoglycan, chondroitin sulfate. Based on these observations, it appeared that the tumor-derived CE cell growth factor had a special affinity for heparin.
Epidermal growth factor, which does not bind to heparin (1) , and PDGF, which binds to heparin relatively weakly (1), are not mitogenic for CE cells (2) . These observations prompted us to test the idea that affinity for heparin may be a general property of CE cell growth factors. Accordingly, we examined other growth factors, especially those found in normal tissue, for the ability to bind to heparin and to stimulate CE cell proliferation. Bovine neural tissue including hypothalamus (3, 4) , pituitary (5, 6 ), brain (5, 6) , and retina (7) are all sources of growth factors that stimulate the proliferation of large-vessel endothelial cells. In this report, we demonstrate that bovine hypothalamus contains anionic and cationic growth factors for CE cells, respectively designated aHDGF and cHDGF (hypothalamus-derived growth factors), both of which bind to heparin. In addition, fibroblast growth factors (FGF) obtained from both the pituitary and the brain also bind tightly to heparin and are mitogenic for CE cells. The binding of these different growth factors to heparin is presented as evidence to support the hypothesis that CE cell growth factors share the property of heparin affinity.
METHODS AND MATERIALS Sources of Growth Factor Activity. Hypothalamus. Bovine hypothalami obtained from Pel-Freez were homogenized in 0.10 M NaCl and extracted as described by Maciag et al. (4) . For convenience, salt extracts of hypothalamus were purchased commercially. The two preparations used were endothelial mitogen (EM, Biomedical Technology, Cambridge, MA) and endothelial cell growth supplement (ECGS, Collaborative Research).
Pituitary. Pituitary fibroblast growth factor (FGF) was purchased from Collaborative Research.
Brain. Partially purified brain FGF was prepared as described (8) . The preparation used in this study had undergone ammonium sulfate precipitation, CM-Sephadex ion-exchange chromatography, and Sephadex G-75 size-exclusion chromatography. These steps were similar to those used by Lemmon et al. (6) and Thomas et al. (9) to produce preparations containing both anionic and cationic brain FGF.
CE Cell Proliferation. Confluent cultures of endothelial cells cannot be stimulated to divide by growth factors (10) . Therefore, a proliferation assay based on stimulating slowly growing sparse cells was used. Bovine CE cells were prepared from adrenal glands as described (11) . Methods for assaying CE cell proliferation have been described (1) . Briefly, CE cells were resuspended in Dulbecco's modified Eagle's medium (DME medium) supplemented with 10% calf serum and were plated sparsely (between 10,000 and 20,000 cells per 0.5 ml per well) into 24-well microtiter plates (16-mm diameter microtiter wells; Costar, Cambridge, MA). On the following day, unattached CE cells were removed, and 0.5 ml of fresh DME medium/10% calf serum containing growth factor fractions were added. After approximately 72 hr at 37°C, the CE cells were detached from the wells with trypsin/EDTA and counted in a Coulter model zf electron particle counter (Coulter). In the 72-hr proliferation assay period, the untreated sparse control CE cells approximately doubled in number. At optimal concentrations of growth factor, CE cell cultures underwent about three doublings in 72 hr. When 10,000, 15,000, and 20,000 CE cells were plated, the density of control CE cells was about 20,000, 30,000, and 40,000 cells per ml, and the density of maximally stimulated CE Abbreviations: PDGF, platelet-derived growth factor; HDGF, hypothalamus-derived growth factor; FGF, fibroblast growth factor; CE cells, capillary endothelial cells; aHDGF and cHDGF, anionic and cationic HDGF.
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The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. cells was about 75,000, 90,000, and 120,000 cells per ml, respectively. A unit of CE cell growth factor activity was defined as the amount of growth factor in 0.5 ml required to stimulate half-maximal proliferation of CE cells-that is, one-half the value of maximal cell density minus control cell density. In plotting the results, we show the number of control cells present after a 72-hr incubation period as the baseline. However, it should be noted that in all experiments, the number of control cells shown at the bottom of the y axis is about twice the number of cells plated.
Stimulation of DNA Synthesis in 3T3 Cells. Growth factor activity also was determined by measuring the incorporation of [3H]thymidine into the DNA of confluent quiescent BALB/3T3 cells (10,000 cells per 0.25 ml per well). Methods for the growth of 3T3 cells, the preparation of monolayers of 3T3 cells in 96 well-microtiter plates, and the measurement of DNA synthesis have been described (12) . A unit of 3T3 cell growth factor activity was defined as the amount of growth factor in 0.25 ml required to stimulate half-maximal DNA synthesis in 3T3 cells (about 60,000-80,000 cpm).
Column Chromatography. The methods used for heparinSepharose chromatography, Bio-Rex 70 cation-exchange chromatography, and HPLC TSK 2000 size-exclusion chromatography have been described (1) . Details are given in the figure legends. Preparative isoelectric focusing on an LKB 8100 vertical 110-ml electrofocusing column using ampholytes in the pH 3.5-10 range was carried out as described in the instruction manual. After isoelectric focusing, fractions were dialyzed (Spectrapor dialysis tubing, 6000-8000 molecular weight cutoff) against deionized double-distilled H20. The recovery of growth factor activity after heparin-Sepharose, Bio-Rfx 70, and HPLC TSK 2000 column chromatography and after isoelectric focusing was about 30%, 40%, 20%, and 25%, respectively.
Analysis of Growth Factor Activity After Column Chromatography. Because of the severe limitation on the availability of cloned CE cells for bioassay, an empirical strategy based on first screening column fractions for 3T3 growth factor activity was adopted. After each column run, between 1 and 10 Al of each 8-ml fraction was tested in a dose-response manner in duplicate for the ability to stimulate DNA synthesis in 3T3 cells. Based on this preliminary 3T3 bioassay, samples were pooled into 15-20 fractions, dialyzed against doubledistilled and deionized H20 (spectrophor dialysis tubing, 6000-8000 molecular weight cutoff), and reassayed for 3T3 cell growth factor activity. Empirically, it was found that for aHDGF and for cHDGF, about 20-40 units and 1-2 units, respectively, of 3T3 cell growth factor activity were found to be equivalent to about 1 unit of CE cell growth factor activity. After column chromatography and the 3T3 bioassay, aliquots of equal volume were removed from each dialyzed column fraction and tested in duplicate for CE cell growth factor activity. The volumes selected were based on the 3T3 bioassay so as to yield between 0.25 and 1.5 units of CE cell growth factor activity in the peak tubes.
RESULTS
Heparin Affinity of HDGFs. Extracts of bovine hypothalamus were analyzed by chromatography on heparin-Sepharose columns, and the fractions collected were tested for the ability to stimulate sparse CE cell proliferation (Fig. 1) . More than 95% of the total protein was eluted in the void volume, while nearly all of the remainder was eluted with 0.2-0.4 M NaCl. On the other hand, all of the CE cell growth factor activity adhered tightly to the column. When a gradient of NaCl was applied to the column, two peaks of CE cell growth factor activity were recovered; one was eluted at about 1.0 M NaCI, and a second, at 1.3-1.4 M NaCI. The relative amounts of the growth factor peaks varied in differ- Se0mpl RIl** 6redlefl VOLUME (ml)
FIG. 1. Chromatography of hypothalamus extract on heparinSepharose. Endothelial mitogen, a commercial preparation designated EM of crude bovine hypothalamus NaCl extract, was resuspended (150 mg/75 ml) and applied to a column (5 ml, 1 x 6.5 cm) of heparin-Sepharose (40C, flow rate of 30 ml/hr). A gradient of 0.1-3.0 M NaCl (320 ml) was applied, and 8-ml fractions were collected and measured for 3T3 cell growth factor activity (results not shown), absorbance at 280 nm, and conductivity. Subsequently, each fraction (fractions in sample and rinse were pooled in groups of three) was dialyzed against distilled deionized H20, lyophilized, and resuspended in H20. Equal aliquots were removed from each fraction, lyophilized, resuspended in DME medium/10o fetal calf serum and tested in duplicate for the ability to stimulate CE cell proliferation in a 72-hr incubation period. The densities of plated, control, and maximally stimulated CE cells were 10,000, 22,000, and 70,000 CE cells per well, respectively. ent preparations (see Fig. 2 Endothelial cell growth factors such as ECGF (3, 4) and FGF (5, 6) are also mitogenic for 3T3 cells. Hypothalamus extracts obtained from two commercial sources were applied to columns of heparin-Sepharose, and the fractions collected were tested for the ability to stimulate DNA synthesis in 3T3 cells as well as proliferation of CE cells (Fig. 2 A and B) . The 3T3 cell and CE cell growth factor activity profiles were markedly different. A major peak of 3T3 cell growth factor activity was found at 0.9-1.1 M NaCl, corresponding exactly to the first CE cell growth factor peak. However, relatively very little mitogenic activity for 3T3 cells was found to be associated with the fractions that were eluted at 1.3-1.5 M NaCl, even though these fractions were very mitogenic for CE cell proliferation. The addition of hydrocortisone (0.5 ,ug/ml) did not increase 3T3 cell growth factor activity. The data is plotted in such a way that the peaks of CE cell and 3T3 cell growth factor activity in the 0.9-1.1 M NaCl fractions are of equal height. By using this normalization method, it appears that, relative to the fractions that were eluted in the first peak at 0.9-1.1 M NaCl, the fractions eluted in the second peak at 1.3-1.5 M NaCl are about 10-15 times more active as growth factors for CE cells than for 3T3 cells. Thus, it appears that the growth factors found in the second peak to elute from heparin-Sepharose are more specific CE cell mitogens than are the growth factors in the first peak.
Charge of HDGFs. It could be shown that the two peaks in Fig. 1 represented growth factors of different charge; the 0.9-1.1 M NaCl peak contained an aHDGF and the 1.3-1.5 M NaCl peak contained a cHDGF. In order to demonstrate the charge difference, hypothalamus extracts were analyzed (Fig. 3A) . The anionic fractions were very active as growth factors for 3T3 cells, while the cationic fractions were not. A similar result was obtained by using cation-exchange chromatography on Bio-Rex 70 (Fig. 4A ). This procedure also yielded two peaks of CE cell growth factor activity-an anionic one that was eluted in the void volume and a cationic one that bound to the column and was eluted at about 0.5 M NaCl. As in the isoelectric focusing experiment, the anionic peak contained substantial 3T3 growth factor activity, while the cationic one did not. These differences in 3T3 and CE cell growth factor activities, together with the results shown in Fig. 2 , suggested that the first peak that was eluted from the heparin-Sepharose columns shown in Figs. 1 and 2 (0.9-1.1 M NaCl) was aHDGF and the second peak (1.3-1.5 M NaCl) was cHDGF. To investigate this possibility more directly, the anionic and cationic peaks from isoelectric focusing (Fig. 3A) and from Bio-Rex 70 cation-exchange chromatography (Fig. 4A) Fig. 2 . The densities of plated, control, and maximally stimulated CE cells were about 15,000, 32,000, and 90,000 CE cells per well, respectively. (B) Fractions 3 and 4 were pooled and designated aHDGF (c) while fractions 8, 9, and 10 were pooled and designated cHDGF (i). aHDGF and cHDGF were applied to individual columns of heparin-Sepharose (5 ml), and a 320-ml gradient of 0.1-3.0 M NaCl was applied. Fractions were collected, dialyzed against H20, and tested for the ability to stimulate DNA synthesis in 3T3 cells and proliferation of CE cells as described above. Only the CE cell proliferation data is shown. The densities of plated, control, and maximally stimulated CE cells were about 9000, 17,000 and 65,000 CE cells per well, respectively. when assayed on CE cells, aHDGF was eluted at 1.0 M NaCl and cHDGF was eluted at 1.3-1.4 M NaCl. Similar results were obtained with 3T3 cells (results not shown).
Size-Exclusion Chromatography of aHDGF and cHDGF. Size-exclusion chromatography on HPLC TSK columns was used to estimate the molecular weights of aHDGF and cHDGF (Fig. 5) . The approximate molecular weights of both aHDGF and cHDGF were between 16,000 and 20,000. Identical results were found with CE and 3T3 cells, but only the former are shown.
Heparin Affinity of Pituitary and Brain FGF. FGF is an endothelial and 3T3 cell mitogen found both in pituitary and brain. When applied to Bio-Rex 70, pituitary FGF adhered and was eluted with 0.8 M NaCl (results not shown). These results confirmed the cationic nature of pituitary FGF (5, 6) . When applied to heparin-Sepharose, pituitary FGF adhered and was eluted at 1.4-1.6 M NaCl (Fig. 6A) . The same results were obtained with CE and 3T3 cells. Partially purified brain FGF also adhered to heparin-Sepharose (Fig. 6B) . Two peaks of CE and 3T3 cell growth factor activity were eluted-one at 1.0 M NaCI and the second at 1.4-1.6 M NaCl. Unlike hypothalamus (Fig. 2) , the CE and 3T3 cell growth factor activity profiles were virtually superimposable. The second peak was eluted in the same position as cationic pitu- The CE cell growth factor activity that did not adhere to the Bio-Rex column (void volume) was pooled and designated aHDGF (o), while the CE cell growth factor activity that adhered and was eluted with 0.4-0.6 M NaCl (volume of 70-100 ml of the gradient) was pooled and designated cHDGF (n). aHDGF and cHDGF were analyzed on separate columns of heparin-Sepharose for 3T3 and CE cell growth factor activity as described above. Only the CE cell proliferation data is shown. The densities of plated, control, and maximally stimulated CE cells were about 10,000, 20,000 and 70,000 CE cells per well, respectively.
itary FGF (compare Fig. 6A with Fig. 6B ), suggesting that it may be cationic brain FGF. The Heparin-Sepharose chromatography was used to prepare aHDGF (Fig. 1 , growth factor activity eluted at 0.9-1.1 M NaCI) and cHDGF ( Fig. 1 , growth factor activity eluted at 1.3-1.5 M NaCI). The preparations were analyzed on HPLC TSK 2000 size-exclusion columns at room temperature and at a flow rate of 0.5 ml/min. Fractions of 0.8 ml from the aHDGF column (Upper) and from the cHDGF column (Lower) were collected and tested for the ability to stimulate DNA synthesis in 3T3 cells and CE cell proliferation. Only the CE cell proliferation data is shown. The densities of plated, control, and maximally stimulated CE cells were about 20,000, 40,000, and 110,000 CE cells per well (Upper) and 10,000, 20,000, and 76,000 CE cells per well (Lower), respectively. respect. ECGF (3, 4) and FGF (5, 6, 8, 9, 13) are mitogenic for 3T3 cells. However, cHDGF is a relatively poor mitogen for 3T3 cells compared to CE cells. For example, at concentrations of cHDGF and aHDGF that have equivalent units of growth factor activity for CE cells, cHDGF has less than 10%o as much growth factor activity for 3T3 cells as does aHDGF. Thus, of the two hypothalamus-derived, heparinbinding growth factors, cHDGF appears to be relatively more specific in stimulating CE cell proliferation.
Binding of aHDGF, an anionic CE cell growth factor, to heparin is somewhat surprising considering the anionic nature of heparin. In particular, aHDGF with a pI of about 5 binds to heparin, an anionic glycosaminoglycan, but not to Bio-Rex 70, an anionic cation-exchange resin. About 1.0 M NaCl is required to elute aHDGF from heparin. Recently, we have found that another CE cell growth factor with a pI of about 5, retina-derived growth factor (RDGF), binds to heparin and is eluted with about 1.0 M NaCl (14) . In contrast, epidermal growth factor (EGF) with a pI of about 4.7 (15) does not bind to heparin at all (1). aHDGF and RDGF are anionic but bind much more tightly to heparin than does PDGF, a polypeptide with a pI of 10 (16) . PDGF is eluted at about 0.5 M NaCl (1), probably reflecting the normal charge interaction that occurs between cationic polypeptides and heparin acting as a cationic exchanger. cHDGF is less cationic (pI of about 8) than PDGF (pI of 10) but binds much more strongly to heparin and is eluted with about 1.4 M NaCl. Thus 
